Background: To determine whether the TyG index, a product of the levels of triglycerides and fasting plasma glucose (FPG) might be a valuable marker for predicting future diabetes.
Introduction
The incidence and prevalence of type 2 diabetes is increasing rapidly worldwide, and is expected to affect 439 million adults by 2030 [1] [2] [3] . To overcome the burden of this epidemic, public health strategy should focus on the identification of subjects at high risk of developing diabetes with the aim of prevention and proper intervention. This might lead to favorable outcomes while avoiding unnecessary effort [4] . For this purpose, an easily measurable and widely applicable index with high predictability needs to be developed.
Various risk factors and predictive models have been suggested. In addition to traditional risk factors, inflammatory biomarkers and genetic risk factors are under investigation to improve the prediction of diabetes. However, the additive role of these novel markers is reported to be limited [5] [6] [7] [8] . Among traditional risk factors, the levels of fasting plasma glucose (FPG) and triglycerides (TG) are well validated for their role in predicting the development of diabetes. Higher FPG levels have been shown to be an independent risk factor for developing type 2 diabetes even when subjects are within the normoglycemic range [9, 10] . Elevations and increases in TG levels over time also enhanced the risk of developing diabetes in various populations [11] [12] [13] [14] .
The TyG index, the product of FPG and TG, is a novel index that has been suggested as a surrogate of insulin resistance in healthy subjects [15, 16] . It was well correlated with the homeostasis model assessment of insulin resistance (HOMA-IR) and total glucose metabolism rates during hyperinsulinemiceuglycemic clamp studies. Given that insulin resistance is the core pathophysiologic mechanism of type 2 diabetes and is already present 1-2 decades before the diagnosis [17, 18] , surrogate indices of insulin resistance might aid in the prediction of incident diabetes.
In this study, we aimed to determine whether the TyG index could be a valuable marker for predicting diabetes and to compare it with other insulin resistance indices in a large-scale cohort of middle-aged nondiabetic Koreans.
Subjects and Methods

Subjects
The Chungju Metabolic disease Cohort (CMC) study is an ongoing community-based study of metabolic diseases including diabetes, metabolic syndrome and osteoporosis in a population aged 40 years and over living in the rural area of Chungju City, Korea. The first phase (baseline) of the study was performed in [2003] [2004] [2005] [2006] . Three hundred thirty-four districts were selected by stratified random cluster sampling and 11,718 subjects participated. These participants were follwed up at 4-year intervals in the second phase of the study (2007-2010) with a follow-up rate of 58%, and the third phase of the study is ongoing (2011-2014). Subjects with known or newly diagnosed diabetes or prediabetes at the baseline study, and those lacking laboratory or anthropometric data were excluded. In this analysis, persons who had completed their follow-up visit at the second phase (n = 3,814) or both second and third phases (n = 1,540) of the study were included (total 5,354 participants). The institutional review board at The Catholic University of Korea approved this study (No. KCMC070T076, KC13OISI0427) and written informed consent was obtained from all participants.
Study Protocol
Investigators were trained in the study protocol prior to carrying out physical examinations and administering the questionnaire. Detailed data on the medical history and lifestyle behavior of the subjects were obtained on the day of the investigation by interview. Data on alcohol drinking (yes/no), average alcohol amount (g/ day), cigarette smoking (none, ex-smoker or current smoker), doing exercise at least once a week (yes/no) and education level were collected. Anthropometric measurements were performed with the subjects wearing light clothing, and height, weight, and waist and hip circumferences were measured according to standardized methods. Prior to the measurement of blood pressure (BP), the subjects were asked to rest for 5 min while seated. The BP on the right upper arm was measured twice and the average was recorded. Hypertension was defined on the basis of the Joint National Committee 7 report as $140 (systolic BP)/90 (diastolic BP) mmHg or when the subjects reported using antihypertensive medications.
Analytical Methods and Calculations
Blood samples were collected after the subjects had fasted for at least 12 h and analyzed at a central laboratory (Samkwang Medical Laboratories, Seoul, Korea). FPG was measured using the hexokinase method and serum insulin was measured using a radioimmunoassay kit (Dainabot, Tokyo, Japan). Serum creatinine was measured using an enzymatic method. Serum total cholesterol (TC) and TG were measured using enzymatic colorimetric tests; high-density lipoprotein (HDL)-cholesterol was measured using a selective inhibition method and low-density lipoprotein (LDL)-cholesterol was calculated using the Friedewald formula. The intra-and inter-assay coefficient of variances of analytical procedures were less than 4.7% and 4.5%, respectively. In subjects with TG levels greater than 5.6 mmol/L (n = 55), the values of LDL-cholesterol were treated as missing. The homeostasis model assessment estimate of beta-cell function (HOMA-ß) and HOMA-IR were calculated using the following formulae: 
Definition of Diabetes Mellitus
In the first phase of the study, a 75 g oral glucose tolerance test (OGTT) was performed if the subject's FPG level exceeded 6.1 mmol/L. Diabetes and prediabetes (impaired fasting glucose and/or impaired glucose tolerance) were defined according to the American Diabetes Association criteria published in 1997, which define the normal FPG level as ,6.1 mmol/L [20] . In the second phase of the study, an OGTT was performed if the FPG level exceeded 5.6 mmol/L. However, from September 2009, every participant underwent an OGTT, independent of his or her FPG level. The revised report on the diagnosis of diabetes mellitus published in 2003, which set a normal FPG level of ,5.6 mmol/ L, was used to define the development of diabetes or prediabetes in follow-up studies [21] .
Statistical Analysis
All statistical analyses were performed using SAS 9.2 software (SAS Institute Inc., Cary, NC, USA). Data are expressed as the mean 6 standard deviation (SD), as medians (25th-75th percentiles) or as proportions. For comparing the characteristics of subgroups according to the development of diabetes or TyG index quartiles, the Wilcoxon rank sum test, Chi squared test or Fisher's exact test were used. Spearman correlation analysis was used to examine the relationships between the TyG index and other parameters. Log-Binomial regression model using Proc GenMod procedure was performed to calculate relative risk (RR), for testing the usefulness of various markers in predicting the development of diabetes. RR and 95% CI values of the upper three quartiles were calculated using the lowest quartile as the reference category. The area under the curve (AUC) of the receiver operating characteristics (ROC) curve and a 95% CI were calculated to compare the predictive power of each index. A P value ,0.05 was considered significant.
Results
Baseline Characteristics
The age, body mass index (BMI), and FPG levels of the subjects were 61.669.3 years, 24.263.2 kg/m 2 , and 4.9960.47 mmol/L, respectively (means 6 SDs). Their TyG index value was 8.760.6, which was not significantly different between men and women (8.760.6 vs. 8.660.5; P = 0.191). The median (minimum, maximum) duration of follow-up was 4.6 (4.0, 8.8) years. During this period, 420 subjects (7.8%) had developed diabetes. When the baseline characteristics of these subjects were compared with those remaining free of diabetes, the subjects were found to be older, more obese and more hypertensive. FPG levels, fasting insulin levels, HOMA-IR, TC, TG and LDL-cholesterol levels were higher while HOMA-ß and HDL-cholesterol levels were lower in subjects with incident diabetes. They also had higher frequencies of a familiy history of diabetes and of alcohol drinking. The baseline values of the TyG index were significantly higher in subjects who had developed diabetes compared with nondiabetic subjects (8.960.6 vs. 8.660.6; P,0.0001) ( Table 1) .
Next, the baseline characteristics of subjects were compared according to the TyG index quartile (Q1-Q4) groups. Subjects in the higher quartile groups were more obese, more hypertensive and had higher frequencies of smoking and alcohol drinking. The values for FPG and fasting insulin, HOMA-IR, HOMA-ß, TC, TG, LDL-cholesterol, and serum creatinine increased and the level of HDL-cholesterol decreased in proportion to the TyG index quartiles ( Table 2 ).
The Association between TyG Index and other Parameters
There were significant correlations between the TyG index and anthropometric indices, BP and lipid profiles. The TyG index was correlated with body weight (r = 0.185; P,0.0001), BMI (r = 0.215; P,0.0001), waist circumference (r = 0.251; P, 0.0001), waist-hip ratio (r = 0.229; P,0.0001), systolic BP (r = 0.140; P,0.0001), diastolic BP (r = 0.145; P,0.0001), and with the levels of TC (r = 0.262; P,0.0001), TG (r = 0.984; P, 0.0001), LDL-cholesterol (r = 0.029; P = 0.039), and HDL-cholesterol (r = -0.370; P,0.0001). As expected, the TyG index also showed significant correlations with FPG levels (r = 0.243; P, 0.0001), fasting insulin levels (r = 0.249; P,0.0001), HOMA-IR (r = 0.273; P,0.0001), and HOMA-ß (r = 0.143; P,0.0001) indicating that this index could reflect the degree of insulin resistance and compensatory ß-cell function in these study subjects.
The Incidence of Diabetes According to TyG Index Quartiles Figure 1 shows the incidence of diabetes, which increased in proportion to TyG index quartiles (Q1, 3.3%; Q2, 6.9%; Q3, 7.2%; Q4, 14.1%; P for trend ,0.0001). Similar results could be observed in both men (Q1, 4.2%; Q2, 7.5%; Q3, 6.3%; Q4, 14.7%; P for trend ,0.0001) and women (Q1, 2.8%; Q2, 6.5%; Q3, 7.6%; Q4, 13.7%; P for trend ,0.0001).
Prediction of the Development of Diabetes using the TyG Index
Log-Binomial regression analyses were performed to evaluate the TyG index in predicting the incident diabetes (Table 3 ). In the initial crude analysis, a statistically significant association was shown between an increased TyG index and an increased risk of incident diabetes in subjects in Q2-Q4 vs. those in Q1. Adjustment for age, gender and BMI (model 1), and further adjustment for waist circumference, systolic BP, HDL-cholesterol, (Tables S1, S2 ). To compare the predictive role of TyG index with other indices of insulin resistance, we performed similar analyses with the TG/HDLcholesterol ratio and HOMA-IR. The TG/HDL-cholesterol ratio also proved to be a useful tool for predicting the development of diabetes, but with a significantly lower RR than the TyG index. After adjusting for age, gender, BMI, waist circumference, systolic BP, family history of diabetes, smoking, alcohol drinking, education level, and insulin, the RR (95% CI) of diabetes risk in the highest quartile vs. the lowest quartile of the TG/HDLcholesterol ratio was 2.209 (1.566-3.115) ( Table 3) . Regarding the HOMA-IR values, only subjects in the highest quartile but not in the second or third quartile showed a significantly increased risk of diabetes (RR, 1.621; 95% CI, 1.171-2.243) compared with the lowest quartile group after adjustment for age, gender and BMI. However, this association disappeared after further adjustment for multiple variables (Table 3 ). The AUC (95% CI) of the ROC curve for the TyG index at 0.645 (0.632-0.659) was significantly higher than that of the TG/HDL-cholesterol ratio at 0.609 (0.595-0.623) or HOMA-IR at 0.592 (0.578-0.606). These results suggest that the TyG index is superior to the TG/HDL-cholesterol ratio or HOMA-IR in predicting the risk of incident diabetes.
Discussion
In this large prospective cohort study, we found that individuals in the highest baseline quartile of TyG index had a fourfold higher risk of developing diabetes than those in the lowest quartile during a median of 4.6 years of follow-up. The predictive value of the TyG index was better than other indices of insulin resistance such as HOMA-IR or TG/HDL-cholesterol ratio. These findings highlight the usefulness of this simple index for identifying individuals with a high risk of developing diabetes.
Prospective studies on the natural history of type 2 diabetes indicate that insulin resistance is a primary defect that can occur many years before the diagnosis [17, 18] . Thus, examining the degree of insulin resistance with an accurate measure will be a key factor to improve prediction of incident diabetes. Because the hyperinsulinemic-euglycemic insulin clamp technique, a gold standard method for quantifying the degree of insulin resistance, is difficult to apply in clinical practice, several indices derived from the OGTT have been evaluated. Calculated indices reflecting insulin resistance or both insulin resistance and insulin secretory capacity showed their substantial ability to predict future type 2 diabetes [22] [23] [24] . However, simpler indices with a single blood test would be appropriate for a screening tool in large epidemiologic studies.
The TyG index, the product of FPG and TG levels, was proposed by Guerrero-Romero et al. as a surrogate of insulin resistance with a Pearson's correlation coefficient of 0.322 with HOMA-IR, and -0.681 with M rates measured by the hyperinsulinemic-euglycemic clamp test [15, 16] . This correlation was similar between men and women, nonobese and obese, and nondiabetic and diabetic individuals. Another study in a Brazilian population supported this correlation [25] . The TyG index was also significantly correlated with insulin-stimulated glucose uptake measured as the steady-state plasma glucose concentration during insulin suppression testing [26] , and was better associated with carotid atherosclerosis than HOMA-IR [27] . However, there are no data examining whether this index has a predictive role in identifying individuals with a high risk of developing diabetes. Our data suggest that it has a good performance in this regard. Even after adjusting for several known risk factors of diabetes and insulin level, the association between the baseline TyG index and the risk of incident diabetes was statistically significant, indicating that the TyG index is an independent risk factor. Of note, this association was similar between obese and nonobese subjects, and between men and women suggesting that the TyG index might be applicable to a wide range of subjects. The incidence rate was approximately twofold higher in subjects in the Q2 and Q3 TyG groups and more than fourfold higher in subjects in the Q4 group in this study population.
The TG/HDL-cholesterol ratio is another surrogate measure of insulin resistance demonstrated by several researchers although the relationship might differ by ethnicity [28, 29] . This simple index also has been shown to be associated with the risk of future diabetes [30, 31] . Our analysis shows that the subjects in the highest quartile of the TG/HDL-cholesterol ratio had a lower RR of diabetes development when compared with those in the Q4 TyG index group. Similarly, the RR of incident diabetes among subjects in the highest quartile of the HOMA-IR was significantly lower than for those in the Q4 TyG index group. This observation might be explained by the fact that muscle is the major organ of insulin action and glucose uptake, accounting for 85-90% of the impairment in total body glucose disposal in patients with type 2 diabetes [18, 32] . Because elevation of TG levels in blood and skeletal muscle interfere with glucose metabolism in muscle [33] , the TyG index seems to mainly reflect muscle insulin resistance while HOMA-IR mainly mirrors hepatic insulin resistance [34] . Therefore, it is possible that the TyG index is superior to previously known indices for diabetes prediction, although our data need to be confirmed in other ethnic populations with different characteristics.
The strength of this study is that the study subjects were from a large scale cohort with long-term follow-up and there were sufficient cases for rigorous analysis. Diagnosis of diabetes by OGTT, although not performed in all participants in the present study, minimizes the number of overlooked cases with isolated post-load hyperglycemia. To our knowledge, this is the first report on the TyG index in an Asian population that has examined its ability as a predictive marker of future diabetes. This study also has limitations. Because the rate of follow-up loss was relatively high, the potential for selection bias needs to be considered. In addition, the findings of our study might not be generalized because it was performed in a semirural area on subjects with similar lifestyles. Although lack of information on the use of lipid-lowering agents might have influenced the result, we think that it would be minimal because only 2.3% of subjects reported that they were diagnosed as having hyperlipidemia. Another limitation is that different criteria for the normal FPG level were used at the baseline and follow-up studies.
It will be interesting to test whether a postprandial TyG index might also have meaningful effects. Because elevated postprandial levels of TG and glucose represent metabolically abnormal responses that reflect insulin resistance [35, 36] , higher risks of diabetes or cardiovascular events might be associated with a higher postprandial TyG index, which remains to be clarified.
In conclusion, we propose that the TyG index is a valuable marker reflecting the degree of insulin resistance and predicting the risk of future diabetes in both men and women, and in obese and nonobese individuals. Because it can be easily calculated from routine laboratory data, our findings suggest the possibility of applying this index in risk assessment for diabetes in real clinical practice or large epidemiologic studies. Therefore, confirmation of our data in other populations is warranted for further application of this marker. 
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